Expression of the Escherichia coli OmpC and OmpF outer membrane proteins is regulated by the osmolarity of the culture media. In contrast, expression of OmpC in Salmonella typhi is not influenced by osmolarity, while OmpF is regulated as in E. coli. To better understand the lack of osmoregulation of OmpC expression in S. typhi, we compared the expression of the ompC gene in S. typhi and E. coli, using ompC-lacZ fusions and outer membrane protein (OMP) electrophoretic profiles. S. typhi ompC expression levels in S. typhi were similar at low and high osmolarity along the growth curve, whereas osmoregulation of E. coli ompC in E. coli was observed during the exponential phase. Both genes were highly expressed at high and low osmolarity when present in S. typhi, while expression of both was regulated by osmolarity in E. coli. Complementation experiments with either the S. typhi or E. coli ompB operon in an S. typhi ⌬ompB strain carrying the ompC-lacZ fusions showed that both S. typhi and E. coli ompC were not regulated by osmolarity when they were under the control of S. typhi ompB. Interestingly, in the same strain, both genes were osmoregulated under E. coli ompB. Surprisingly, in E. coli ⌬ompB, they were both osmoregulated under S. typhi or E. coli ompB. Thus, the lack of osmoregulation of OmpC expression in S. typhi is determined in part by the ompB operon, as well as by other unknown trans-acting elements present in S. typhi.
Salmonellae are gram-negative enterobacteria that can be pathogenic for both humans and animals. They cause disease ranging from gastroenteritis to typhoid fever, depending on their serotype and on the infected host. In particular, Salmonella typhi is a human-specific pathogen that causes typhoid fever, a systemic febrile illness acquired by ingesting food or water that has been contaminated by human feces (1) .
Escherichia coli, as well as other gram-negative bacteria, exhibits a wide variety of adaptive responses to changes in the environment; these include an increase or decrease in the expression of the major outer membrane porin proteins OmpC and OmpF in response to different demands and stresses (i.e., osmolarity, temperature, pH, oxygen tension, and nutrient starvation) (29) . In particular, the influence of osmolarity on the regulation of OmpC and OmpF expression has been extensively studied. OmpF is preferentially expressed in media of low osmolarity, whereas OmpC expression is increased in media of high osmolarity. The E. coli ompB locus, which contains two distinct genes, ompR and envZ, regulates OmpF and OmpC expression at the transcriptional level. EnvZ and OmpR belong to the two-component regulatory systems that respond to environmental stimuli. OmpR, a cytoplasmic protein, is the activator that binds to both the ompF and ompC promoters; EnvZ, an inner membrane protein, is thought to sense an environmental signal in order to modulate OmpR function by phosphorylation and dephosphorylation (for reviews, see references 6, 7, 24, and 29) .
The S. typhi ompC gene was isolated and characterized in our laboratory (30, 31) . In S. typhi, in contrast to E. coli, OmpC has been observed to be expressed at the same level at both low and high osmolarity, whereas the synthesis of OmpF in both bacteria is regulated in similar manners (32) . These findings suggest different mechanisms of osmoregulation of gene expression between E. coli and S. typhi.
We have characterized the S. typhi ompR and envZ genes. Amino acid sequence alignment between the S. typhi OmpR and EnvZ proteins and the corresponding E. coli proteins revealed that S. typhi and E. coli OmpR are identical; in contrast, S. typhi EnvZ shows 95% identity with the E. coli EnvZ protein. Interestingly, most of the differences between the EnvZ proteins lie toward the carboxy terminus, mostly between residues 260 and 450, in a region generally regarded as conserved within the histidine kinase protein family (19) .
To determine whether the lack of ompC osmoregulation in S. typhi is mediated by particular features of cis-or trans-acting elements, in this work we analyzed the expression of S. typhi and E. coli ompC-lacZ fusions in both E. coli and S. typhi. The studies were performed with wild-type strains as well as with ⌬ompB strains complemented with either the E. coli or the S. typhi ompB operon. In the same manner, we analyzed the outer membrane protein (OMP) electrophoretic pattern of the complemented S. typhi and E. coli ⌬ompB. Our observations support the notion of a functionally polymorphic ompB operon with regard to regulation of OmpC expression in response to changes in osmolarity.
MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Bacteria were grown overnight at 37°C in Luria-Bertani (LB) broth plus either ampicillin (250 g/ml), streptomycin (100 g/ml), tetracycline (20 g/ml), kanamycin (20 g/ml), chloramphenicol (40 g/ml), or rifampin (150 g/ml), as required. E. coli SY327pir was used as the transformation recipient of pKNG101 derivatives. To study OMP expression, medium A (containing, per liter, 7 g of nutrient broth, 1 g of yeast extract, 2 g of glycerol, 3.7 g of K 2 HPO 4 , and 1.3 g of KH 2 PO 4 ) was used (15) . To test the influence of osmolarity on OMP expression, medium A was prepared with or without 0.3 M NaCl (high or low osmolarity, respectively). All cultures were grown with vigorous shaking (250 rpm) at 37°C.
Construction of S. typhi ompB, ompC, and ompF mutants. The mutagenesis strategy used to replace the omp loci for a kanamycin resistance (Km r ) gene was based on the sucrose counterselection technique, using suicide clones derived from vector pKNG101 (14) . To construct suicide clone pKB8 (Table 1) , a fragment carrying both an S. typhi ompB upstream fragment (containing 37 nucleotides [nt] of the structural gene and about 350 nt of the 5Ј regulatory region) and a downstream fragment (containing 24 nt of the structural gene and about 200 nt of the 3Ј downstream region), as well as the pUC19 vector sequence, was amplified by the inverse PCR method (26), using as template pIM26 DNA (19) and synthetic oligonucleotides Ra and Zb, which were designed to generate BamHI restriction sites where the Km r gene from pBSL46 (20) was cloned. A SacI restriction fragment encompassing the recombination cassette (the Km r gene flanked by the upstream and downstream sequences to S. typhi ompB) was gel purified; the ends were blunted and ligated into the SmaI site of pKNG101.
Construction of pKC17 (Table 1 ) was basically as described for pKB8. Inverse PCR was carried out with pVF27 DNA (30) as the template plus synthetic oligonucleotides C1 and C2, which were also designed to generate a BamHI site to clone the Km r gene. The upstream fragment contained 40 nt of the structural gene and about 1,300 nt of upstream region, whereas the downstream fragment contained 88 nt of the structural gene and about 500 nt of downstream region. An EcoRV fragment containing this recombination cassette was ligated into the SmaI site of plasmid pKNG101.
Construction of pKF30 was also as described for pKB8. Plasmid pRCV3 (Table 1 ) and synthetic oligonucleotides S32 and S33, which generate BamHI sites, were used to amplify, by inverse PCR, a fragment carrying regions that flanked the ompF gene (the upstream portion carrying 59 nt of the structural gene and 397 nt of 5Ј upstream sequence, and the downstream segment carrying 173 nt of the structural gene and 191 nt of the 3Ј downstream region). The Km r gene was subsequently cloned into the BamHI site; from the resultant plasmid, a SalI/XbaI fragment containing the recombination cassette was cloned into pKNG101.
Construction of plasmids carrying the S. typhi or E. coli ompB operon. Plasmids pIM25 and pIM26 are derivatives of the high-copy-number vector pUC19, carrying the S. typhi ompB operon in both orientations (19) . The ompB operon from pIM25 was subcloned, in both orientations, in a SacI site previously introduced between the EcoRI and NruI sites of pBR322 (a medium-copy-number plasmid), thus generating pIM262 and pIM263. The EcoRV/BamHI fragment of pIM26, containing the ompB operon, was subcloned into pACYC184 (a lowcopy-number plasmid) between the EcoRV-BamHI and NruI-BamHI sites to obtain both orientations, thus generating pIM260 and pIM261, respectively. To subclone the E. coli ompB operon, the BamHI/SalI fragment of pAT224 (25) was cloned into pACYC184, generating pIM40.
Construction of S. typhi and E. coli ompC-lacZ fusions.
A fragment containing 1,450 bp of the 5Ј upstream regulatory region and the first codon of S. typhi ompC was obtained by PCR from plasmid pVF27 (30), using synthetic oligonucleotides SCSm1 and SCSc1, which generated SmaI and ScaI sites, respectively. This DNA fragment was cloned into the unique SmaI site of the pMC1871 translational fusion vector, which contains a promoterless lacZ gene (Pharmacia Biotech Inc., Uppsala, Sweden) (35) , generating plasmid pSCZ10 (S. typhi ompC-lacZ) ( Table  1) . Similarly, a fragment containing 1,150 bp of the E. coli 5Ј ompC upstream regulatory region and the first codon was obtained by PCR from plasmid pMY111 (23), using synthetic oligonucleotides ECSm2 and ECSc2, which generated SmaI and ScaI sites, respectively. This DNA fragment was cloned into the SmaI site of pMC181, generating plasmid pECZ20 (E. coli ompC-lacZ).
Preparation of OMPs. OMPs were prepared essentially as described previously (18) . Briefly, 50 ml of medium A, with or without 0.3 M NaCl (high or low osmolarity, respectively), was inoculated with 200 l of a bacterial cell suspension from an overnight LB culture, prepared in phosphate-buffered saline (pH 7.4), and adjusted to an optical density at 600 nm of 1.8. Cultures were incubated at 37°C in a shaking water bath at 200 rpm, and samples were taken each hour, over a 12-h period for assays of the kinetics of OMP expression. For osmoregulation studies, samples were taken at the fifth hour, where the best osmoregulation profiles were obtained.
SDS-PAGE.
Two different gel systems were used to obtain the best separation of the major OMPs. S. typhi OMP preparations were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), at 30 mA for 6 h, in gels containing 11% acrylamide, 0.12% bisacrylamide, and 0.1% SDS. E. coli OMP preparations were analyzed by urea-SDS-PAGE, at 20 mA for 8 h, in gels prepared with 11% acrylamide, 0.3% bisacrylamide, 8 M urea, and 0.1% SDS. For both systems, the discontinuous buffer system of Laemmli (16) was used. The gels were stained with Coomassie brilliant blue. Under these conditions, S. typhi OmpC migrated ahead of OmpF, a feature that has been previously attributed to the ammonium persulfate concentration or to an excess of salt added to the gel (18) . The positions of OmpC and OmpF on the OMP profiles were ascertained by comparing the profiles of OMP preparations from the S. typhi mutant strains STYC171 (⌬ompC) and STYF302 (⌬ompF) or the E. coli mutant strains MH760 (ompR472 OmpC Lowry et al. (18a) , also adapted as a microtiter plate assay as follows. Twenty microliter of cell suspension was treated with 100 l of reaction mixture containing 98 l of a carbonate (3.4% Na 2 CO 3 )-hydroxide (0.17 N NaOH) solution and 2 l of a copper (0.85% CuSO 4 ⅐ 5H 2 O)-tartrate (1.7% sodium-potassium tartrate) solution for 10 min at room temperature, with the subsequent addition of 100 l of 16.9% (vol/vol) FolinCiocalteu solution for 15 min at room temperature. Absorbance at 620 nm was obtained with a Ceres 900 C scanning autoreader and microplate workstation and KC Jr software set in the endpoint mode.
Recombinant DNA techniques. All DNA manipulations were performed according to standard protocols (34) 
RESULTS
Levels of ompC expression in S. typhi are similar at low and high osmolarity along the growth curve. Previous analysis of OMP electrophoretic patterns showed that while OmpF is osmoregulated in S. typhi as it is in E. coli, S. typhi OmpC is highly expressed at both low and high osmolarity (32) . However, it had not been tested whether S. typhi ompC expression varied according to the growth phase and how it compared with the kinetics of ompC expression in E. coli. Thus, we compared the expression levels of S. typhi ompC-lacZ and E. coli ompC-lacZ in S. typhi and E. coli wild-type strains, respectively. ␤-Galactosidase activity was measured from samples obtained throughout the growth curve (exponential to stationary phase) of E. coli MC4100/pECZ20 (plasmid carrying the E. coli ompC-lacZ fusion) and S. typhi IMSS-1/pSCZ10 (plasmid carrying the S. typhi ompC-lacZ fusion) cultures grown in low and high osmolarity (Fig. 1A) . S. typhi ompC expression levels were similar at low and high osmolarity throughout the growth curve, whereas E. coli ompC expression was reduced at low osmolarity during the exponential phase, mainly at 4 to 6 h of growth.
This behavior was also observed when we compared the OMP electrophoretic patterns of S. typhi IMSS-1 and E. coli MC4100 grown in low and high osmolarity (Fig. 1B and C) . In S. typhi, OmpC expression was not affected by osmolarity along the different stages of growth (Fig. 1B) , as described previously (32). As observed above, E. coli OmpC osmoregulation was most evident during the logarithmic phase (Fig. 1C) .
Osmoregulation of S. typhi and E. coli ompC is determined by strain background. The 5Ј upstream regulatory regions of the S. typhi and E. coli ompC genes are slightly different (31) . To investigate if these differences in cis-acting elements allow S. typhi to express ompC regardless of medium osmolarity, plasmids pSCZ10 (S. typhi ompC-lacZ) and pECZ20 (E. coli ompC-lacZ) ( Table 1) were transformed into either S. typhi IMSS-1 or E. coli MC4100 and grown at either low or high osmolarity. ␤-Galactosidase activities of transformed cells were measured from samples collected along the growth curve. As shown in Fig. 2 , the expression of S. typhi ompC was regulated by osmolarity in E. coli, whereas the expression of E. coli ompC was independent of medium osmolarity in S. typhi. These results indicated that the differences in the regulatory region did not alter the response to osmolarity in E. coli, nor did they mediate the osmolarity-independent expression in S. typhi. Instead, the expression of ompC in response to osmolarity was determined by the strain background.
Characterization of S. typhi ompB, ompC, and ompF mutants. To corroborate the role of the ompB operon in OMP synthesis in S. typhi, a specific mutation was constructed in this locus by replacing this operon with a Km r cassette, using plasmid pKB8 (Table 1 ; see Materials and Methods). Mutations in either the ompC or ompF gene were also constructed by using plasmids pKC17 and pKF30 (Table 1; typhi IMSS-1 and E. coli MC4100 were grown at 37°C in medium A with (ϩ) or without (Ϫ) 0.3 M NaCl (high or low osmolarity, respectively); OMPs were purified from samples taken hourly and subjected to SDS-PAGE for S. typhi or to urea-SDS-PAGE for E. coli. Strains carrying deletions in either ompC or ompF were used to ascertain the positions of both porins (see Materials and Methods and Fig. 3 ). Data for OMPs at 4, 6, and 10 h are shown. ods). The resultant S. typhi mutant strains were named STY81 (⌬ompB), STYC171 (⌬ompC), and STYF302 (⌬ompF) ( Table  1 ). The disruption of each gene was confirmed by Southern blot hybridization with the appropriate omp probe and the Km r gene (data not shown).
Deletion of the ompB operon abrogated the expression of OmpC and OmpF (Fig. 3A, last lane) . Deletion of ompC or ompF generated phenotypes OmpC Ϫ OmpF ϩ and OmpC ϩ OmpF Ϫ , respectively, where each porin was still expressed as in the wild type (Fig. 3A and C) . The electrophoretic patterns of these strains were used for confirming the identity of each porin.
The lack of S. typhi ompC osmoregulation was determined both by the S. typhi ompB operon and by another unknown factor(s) present in S. typhi. To explore the possibility that the sequence differences found between the S. typhi and E. coli ompB operons determined the differences in behavior of OmpC expression in S. typhi (19) , the S. typhi STY81 and E. coli SG480⌬900 ompB deletion mutant strains, which fail to produce both OmpC and OmpF, were complemented with either the S. typhi or E. coli ompB operon. Figures 3A and B show the OMP electrophoretic profiles of these strains complemented with one of plasmids pIM262 and pAT224 (pBR322 derivatives carrying the S. typhi and E. coli ompB operons, respectively [ Table 1] ).
The OMP profile of S. typhi STY81 complemented with S.
typhi ompB (pIM262) showed that the proportion of OmpC and OmpF was similar to that of the wild type in both low and high osmolarity (Fig. 3A) . Interestingly, when STY81 was transformed with E. coli ompB (pAT224), S. typhi OmpC expression was osmoregulated; that is, its expression with respect to OmpF was reduced in low osmolarity and increased at high osmolarity, as has been described for E. coli (Fig. 3A) .
The reciprocal experiments with E. coli SG480⌬900 (⌬ompB) were carried out. When complemented with pAT224 (E. coli ompB), this strain showed a wild-type OMP profile in both low and high osmolarity (Fig. 3B) . Surprisingly, when complemented with pIM262 (S. typhi ompB), the OMP pattern showed that OmpC expression was still repressed in low osmolarity and induced in high osmolarity (Fig. 3B) . Thus, E. coli ompC was osmoregulated even when under the control of the S. typhi ompB operon, as long as it was in E. coli. A quantitative densitometric analysis of the gel bands present in Fig. 3A and B further supported the observations described above (data not shown). Furthermore, the same effects were seen with other constructs, regardless of plasmid copy number (data not shown).
These observations were further confirmed and quantified by measuring the activity of S. typhi ompC-lacZ and E. coli ompC-lacZ fusions (plasmids pSCZ10 and pECZ20, respectively) carried by S. typhi and E. coli ⌬ompB strains, complemented either with pIM261 (pACYC184 carrying the S. typhi   FIG. 2 . Expression of S. typhi and E. coli ompC-lacZ fusions in a heterologous background. S. typhi IMSS-1 (A) and E. coli MC4100 (B) strains carrying either the S. typhi or the E. coli ompC-lacZ fusion were grown in medium A with (high osmolarity) or without (low osmolarity) 0.3 M NaCl. ␤-Galactosidase activity was measured from samples taken hourly from duplicate cultures. The data show the activity attained after 5 h of growth, a point where osmoregulation was most apparent for both the E. coli OmpC and OmpF porins, and for S. typhi OmpF, as shown in Fig. 1 , and represent the average of three different experiments.
FIG. 3. OMP electrophoretic patterns from S. typhi and E. coli ⌬ompB strains complemented with either the S. typhi or E. coli ompB operon. Cells were grown in medium A with (ϩ) or without (Ϫ) 0.3 M NaCl (high or low osmolarity, respectively) or in LB. OMPs were purified from culture samples obtained after 5 h of growth at 37°C and then subjected to SDS-PAGE (S. typhi) or urea-SDS-PAGE (E. coli) as described in Materials and Methods. Positions of the S. typhi and E. coli OMPs are shown on the left and correspond to the following strains: (A) S. typhi STYF302 (⌬ompF), IMSS-1 (wild type), STY81 (⌬ompB)/pIM262 (pBR322 carrying S. typhi ompB), STY81 (⌬ompB)/pAT224 (pBR322 carrying E. coli ompB), STYC171 (⌬ompC), and STY81 (⌬ompB); (B) E. coli SG480⌬900 (⌬ompB), MH760 (ompR472 OmpC Ϫ OmpF ϩ ), MC4100 (wild type), SG480⌬900 (⌬ompB)/pIM262, SG480⌬900 (⌬ompB)/pAT224 and MH1461 (envZ11 OmpC ϩ OmpF Ϫ ). (C) OMP profile of control strains used to ascertain the electrophoretic mobilities of OmpC and OmpF: S. typhi IMSS-1 (wild type [wt]), STYC171 (⌬ompC), and STYF302 (⌬ompF).
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OmpC EXPRESSION IN S. TYPHI AND E. COLI 559 ompB [ Table 1 ]) or with pIM40 (pACYC184 carrying E. coli ompB [ Table 1 ]). Complemented strains were grown in medium A with or without 0.3 M NaCl (high or low osmolarity, respectively), and ␤-galactosidase activity was measured throughout the growth curve. Expression of S. typhi ompC-lacZ or E. coli ompC-lacZ in S. typhi ⌬ompB showed that expression of S. typhi or E. coli ompC was regulated by osmolarity when the strain was complemented with the E. coli ompB operon but was independent of osmolarity when the strain was complemented with the S. typhi ompB operon (Fig. 4A) . In contrast, analysis of the expression of S. typhi ompC-lacZ or E. coli ompC-lacZ in E. coli ⌬ompB showed that expression of S. typhi and E. coli ompC was regulated by osmolarity when the strain was complemented with E. coli ompB or even with the S. typhi ompB operon (Fig. 4B) .
All of these results lead to the notion that the EnvZ and OmpR regulators coded by the S. typhi ompB operon, in conjunction with one or more components present in S. typhi, determine the high levels of ompC expression at high and low osmolarity.
DISCUSSION
The amount of the OmpC and OmpF proteins in the outer membrane of E. coli varies depending on the osmolarity of the culture media; however, it is considered that the total amount of these two proteins remains constant, since their relative levels fluctuate in a reciprocal manner. An increase in osmolarity results in a decrease in the amount of the OmpF protein, with a concomitant increase in the amount of the OmpC protein (6, 7) . Interestingly, in S. typhi, OmpC is highly expressed independent of medium osmolarity, whereas OmpF is osmoregulated as it is in E. coli (32) . In this work, we have shown that S. typhi OmpC is synthesized similarly at low and high osmolarity throughout the growth curve (Fig. 1) , while the osmoregulation of OmpC expression in E. coli is observed mainly during the logarithmic phase.
We have also shown that the S. typhi and E. coli ompC genes are highly expressed at both low and high osmolarity in S. typhi but are osmoregulated in E. coli. We have observed in S. typhi a slight decrease in the activity of ompC-lacZ fusions under low osmolarity ( Fig. 1A and 2 ), but this does not account for a noticeable reduction of protein incorporated in the outer membrane, as clearly happens in E. coli (Fig. 1B) . In other words, in S. typhi, OmpC is always more abundant than OmpF, regardless of the growth conditions. This has also been observed by others, even though ompC expression in S. typhi was found to be slightly influenced by medium osmolarity and oxygen availability (3) .
We have also demonstrated that expression of OmpC and OmpF porins is abolished in our S. typhi ⌬ompB strain (Fig.  3A) , as has been also shown for an ⌬ompR derivative of S. typhi Ty2 (28) . Therefore, S. typhi OmpC and OmpF are regulated by the OmpR and EnvZ proteins, as the E. coli major porins (9, 10) . On the other hand, deletion of either ompC or ompF had no effect on expression of the gene coding for the other major porin: osmoregulation of OmpF synthesis was independent of OmpC expression; likewise, OmpC was still highly expressed in a ⌬ompF background (Fig. 3C) .
Moreover, our analysis of the expression of S. typhi and E. coli ompC-lacZ fusions (Fig. 4) , in cross-complementation experiments with either the S. typhi or E. coli ompB operons in either the S. typhi or E. coli ⌬ompB background showed that both S. typhi and E. coli ompC are not regulated by osmolarity when they are under the control of S. typhi ompB in an S. typhi background. Interestingly, in this background, both genes are FIG. 4 . Expression of S. typhi and E. coli ompC-lacZ fusions in ⌬ompB mutant strains complemented with a homologous or heterologous ompB operon. Expression of S. typhi ompC-lacZ and E. coli ompC-lacZ fusions in S. typhi ⌬ompB and E. coli ⌬ompB strains complemented with the S. typhi ompB (pIM261) or E. coli ompB (pIM40) operon was measured after growth in medium A with or without 0.3 M NaCl (high or low osmolarity, respectively). ␤-Galactosidase activity was assayed from samples taken hourly from duplicate cultures. The data show the activity after 5 h of growth and represent the average of two different experiments.
osmoregulated under E. coli ompB. In contrast, in E. coli they are both osmoregulated under E. coli ompB and, surprisingly, are also osmoregulated by S. typhi ompB (Fig. 4) . Furthermore, similar results were observed with OMP electrophoretic patterns from S. typhi and E. coli ⌬ompB strains complemented with either the S. typhi or E. coli ompB operon (Fig. 3A and B) .
Thus, there appear to be unknown factors in S. typhi that, together with the EnvZ and OmpR regulatory proteins, determine the particular behavior of OmpC expression. The alternative of having a factor present in E. coli, but absent in S. typhi, that allows osmoregulation of ompC is not supported by our observations, since both S. typhi ompC and E. coli ompC were osmoregulated in S. typhi under E. coli ompB (Fig. 4) . However, we cannot discount more complex models, such as one in which the unknown factor(s) is present both in S. typhi and E. coli but acts somewhat differently in the two species.
In particular, it is tempting to speculate that differences between sequences in the EnvZ proteins of S. typhi and E. coli may account for the different levels of ompC expression, by mediating different molecular interactions. As mentioned above, comparison of OmpR and EnvZ protein sequences from E. coli and S. typhi has shown that the OmpR regulatory proteins are identical in S. typhi and in E. coli, while the EnvZ sensor protein differs in 21 of 450 amino acid residues between the two bacteria (19) . The EnvZ protein belongs to the family of histidine kinase proteins, which is defined by regions of conserved sequences generally located near the C terminus ( Fig. 5) (37) . The whole C terminus of the sensor protein is the transmitter module, acting as a kinase/phosphatase upon the N-terminal receiver module of the OmpR regulator protein (12) . It is thus remarkable that 18 of 21 differences between the E. coli and S. typhi EnvZ proteins lie toward the carboxy terminus, between residues 260 and 450 (19) (Fig. 5) . In this context, analyses of chimeric proteins and site-directed mutants will be required in order to characterize the molecular features in EnvZ that confer its particular behavior in S. typhi.
Moreover, it is thought that the concentration of OmpRphosphate modulates the reciprocal regulation of porin gene expression in E. coli in response to osmolarity (24, 29, 33) ; however, it is uncertain if different OmpR-phosphate levels play a role in the osmolarity-independent expression of ompC in S. typhi. In particular, since S. typhi OmpF expression is osmoregulated as in E. coli, one could envision that the OmpR-phosphate levels indeed change according to osmolarity. Furthermore, the observation that the S. typhi ompB operon is able to correctly osmoregulate porin synthesis in an E. coli background also suggests that S. typhi EnvZ can modulate the phosphorylation of OmpR in response to osmolarity.
These observations have evidenced differences between S. typhi and E. coli that could play a role in bacterial physiology, possibly by having an effect on how the bacteria survive in the environment or during pathogenesis. However, we do not know whether the dissimilar levels of ompC expression can affect bacterial virulence or any specific physiological function. It is interesting that the ompB operon has been involved in bacterial virulence, which reflects the pleiotropic role of this regulatory system in the physiology of Salmonella (4, 17, 28) . Another functional polymorphism has been found in Salmonella. The spvR genes of S. dublin and S. typhimurium determine the different regulation patterns of SpvA; moreover, the two spvR genes have relatively few differences in their nucleotide sequences (38) . These findings raise the interesting question of whether the allelic differences in genes, and subtle differences in the regulatory mechanisms, play a role in the host spectrum or the pathogenesis of salmonellosis. Our interest in resolving this question has led us to probe structurefunction relationships in EnvZ.
